Autophagy is a catabolic process by which cells remove long-lived proteins and damaged organelles for recycling. Viral infections may also induce autophagic response. Here we show that hepatitis B virus (HBV), a pathogen that chronically infects ≈350 million people globally, can enhance autophagic response in cell cultures, mouse liver, and during natural infection. This enhancement of the autophagic response is not coupled by an increase of autophagic protein degradation and is dependent on the viral X protein, which binds to and enhances the enzymatic activity of phosphatidylinositol 3-kinase class III, an enzyme critical for the initiation of autophagy. Further analysis indicates that autophagy enhances HBV DNA replication, with minimal involvement of late autophagic vacuoles in this process. Our studies thus demonstrate that a DNA virus can use autophagy to enhance its own replication and indicate the possibility of targeting the autophagic pathway for the treatment of HBV patients.
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A utophagy is a catabolic process by which long-lived proteins and damaged organelles are sequestered in the cytoplasm and removed for recycling. It is important for maintaining cellular homeostasis. During autophagy, membrane crescents appear in the cytoplasm. These membranes will eventually form a double-membrane structure known as autophagosomes, which will mature by fusing with lysosomes to form autolysosomes. The contents of autophagosomes will subsequently be degraded by lysosomal enzymes. Autophagy has also been implicated in innate and adaptive immune responses to the infection of microbial pathogens (1, 2) . A number of viruses have been shown to induce autophagy, either completely or partially, and often with either a destructive or beneficial result to themselves. For examples, several single-stranded RNA viruses such as poliovirus, coronavirus, dengue virus, and hepatitis C virus all seem to induce the accumulation of autophagic vacuoles and use these membrane vesicles to benefit their replication (3) (4) (5) (6) . In contrast, other viruses such as herpes simplex virus-1 (HSV-1), cytomegalovirus (CMV), and Kaposi's sarcoma herpes virus (KSHV) have evolved mechanisms to suppress autophagy and, in the case of HSV-1, for its own survival (2) .
Hepatitis B virus (HBV) belongs to the Hepadnavirus family. This virus has a 3.2-kb circular and partially double-stranded DNA genome that contains four genes named S, C, P, and X genes. The S gene codes for the surface antigens (i.e., envelope proteins), the C gene codes for the core protein and a related protein termed precore protein, the P gene codes for the viral DNA polymerase, and the X gene codes for a multifunctional regulatory protein. After its synthesis, the core protein packages its own mRNA, which is also known as the pregenomic RNA (pgRNA), to form the core particle. The pgRNA will be converted to the DNA genome in the core particle by the viral DNA polymerase, which is also a reverse transcriptase. The core particle will then interact with the surface antigens on the endoplasmic reticulum (ER) for the formation of the virion. The mature virion is then released from the infected cells through a process that is poorly understood (for a review, see ref. 7) .
In this report, we have investigated whether and how HBV may induce autophagy. Our results demonstrate that HBV can enhance the autophagic response without increasing autophagic protein degradation. This induction of autophagic response enhances viral DNA replication with only a slight effect on viral RNA transcription and requires the HBV X protein (HBx), which binds to phosphatidylinositol 3-kinase class III (PI3KC3) to enhance its activity. Our studies thus delineated the molecular pathway by which HBV induces autophagy.
Results
Induction of Autophagic Response by HBV. We have previously established from Huh7.5 human hepatoma cells a stable cell line that expresses the fusion protein of green fluorescence protein (GFP) and LC3 (5). This GFP-LC3 fusion protein is diffusely localized in the cytosol. However, it is localized to autophagosomes during autophagy. To investigate whether HBV could induce autophagy, we transfected HBV genomic DNA into Huh7.5-GFP-LC3 cells. As shown in Fig. 1A , the GFP-LC3 signal is weak in the absence of HBV, but it is bright and punctate in the presence of HBV, consistent with its localization to autophagosomes. When the cells were counted, ≈80% of cells transfected by the HBV DNA, as evidenced by the positive HBV core/e antigen staining, and 90% of nutrient-starved cells were positive for GFP-LC3 puncta (Fig. 1B) . In contrast, ≈15% of control Huh7.5-GFP-LC3 cells and 20% of cells transfected by the pUC19 control plasmid DNA contained GFP-LC3 puncta. These results suggested that HBV, similar to nutrient starvation, could induce autophagosomes.
To further confirm that HBV could indeed induce autophagosomes, we performed Western blot analysis of LC3, which is a protein that is converted from the cytosolic form (LC3-I) to the lipidated, autophagosome-associated form (LC3-II) during autophagy. As shown in Fig. 1C , the predominant form of LC3 detected in Huh7.5 cells transfected with the pUC19 control DNA was LC3-I, whereas a significant amount of LC3-II was detected in Huh7.5 cells transfected with the HBV genomic DNA. The induction of LC3-II was not specific to Huh7.5 cells, as similar results were observed in its parental cell line Huh7 (see below), another liver-derived cell line HepG2 cells, and in the liver of transgenic mouse lines harboring low (Tg08) and high (Tg05) replication levels of the HBV DNA (8, 9) . Importantly, this induction was also observed in the liver of an HBV-infected patient but not in the liver that contained metastasized colon cancer of a noninfected patient. The induction of autophagosomes by HBV was also observed in the liver of HBV transgenic mice when the tissue sections were examined by electron microscopy ( Fig. S1 A and B) . Together, these results indicated that HBV could induce autophagosomes in liver cells.
Autophagosomes mature by fusing with lysosomes to form autolysosomes. To investigate whether HBV could induce the formation of autolysosomes, we performed confocal microscopy on Huh7.5-GFP-LC3 cells that had been transfected with either pUC19 or the HBV genomic DNA. Cells were stained for HBV surface antigen (HBsAg) and lysosome-associated membrane protein 1 (LAMP1). Nutrient-starved cells were used as a positive control. As shown in Fig. 2A , an extensive colocalization of LAMP1 with GFP-LC3 puncta was detected in nutrient-starved cells (Top) (colocalization coefficient 0.76) and HBV-positive cells (Bottom) (colocalization coefficient 0.58), indicative of formation of autolysosomes. Few GFP-LC3 puncta could be detected in cells transfected with the control plasmid DNA pUC19 (Middle). To ensure that HBV could indeed induce the formation of these late autophagic vacuoles, we also performed electron microscopy using liver tissue sections prepared from HBV transgenic mice. As shown in Fig. S1C , late autophagic vacuoles could indeed be detected in mouse hepatocytes. These results indicated that, similar to nutrient starvation, HBV could enhance the autophagic flux.
No Significant Induction of Autophagic Protein Degradation by HBV.
Autophagy removes long-lived proteins from cells. To determine whether the enhancement of autophagic flux by HBV also increases the autophagic protein degradation rate, we conducted the long-lived protein degradation assay. Cells transfected with either pUC19 or the HBV genomic DNA were metabolically labeled with 3 H-leucine for 24 h and then chased for another 24 h to allow the removal of labeled, short-lived proteins. Cells were then rinsed and incubated with or without bafilomycin A1 (BAF), a vacuolar ATPase inhibitor that suppresses autophagic protein degradation (10) . The culture supernatant and cell lysates were collected and the protein degradation rate was determined by measuring the release of TCA-soluble radiolabel. The overall protein degradation rates and those sensitive to BAF and hence mediated by autophagy are shown in Fig. 2B . Nutrient starvation, which induces autophagy, was included in the studies to serve as a positive control. As shown in Fig. 2B , nutrient starvation significantly increased both overall and BAF-sensitive protein degradation rates, when these degradation rates were compared with those of the control cells or cells transfected with pUC19. Interestingly, no significant increase of both overall and BAF-sensitive protein degradation was observed in HBV DNA transfected cells. These results indicated that HBV enhanced autophagic flux without increasing the autophagic protein degradation rate.
Enhancement of HBV DNA Replication by Autophagy. Autophagy may enhance or suppress viral replication, depending on the viruses. To understand the possible effect of autophagy on HBV replication, we treated cells with 3-methyladenine (3-MA), an inhibitor of PI3KC3, and examined its effect on HBV DNA replication. PI3KC3 is critical for initiating autophagy. As shown in Fig. 3A , the treatment of cells with 3-MA suppressed the lipidation of LC3 induced by HBV, in support of the role of PI3KC3 in HBVinduced autophagy. This treatment with 3-MA significantly reduced HBV DNA replication (Fig. 3B) , suggesting a positive role of autophagy in HBV DNA replication. To ensure that this effect of 3-MA on HBV was not due to nonspecific effects of the drug, we also performed an siRNA knockdown experiment to suppress the expression of Vps34, the catalytic subunit of PI3KC3.
As shown in Fig. 3C , the Vps34 siRNA, but not the control siRNA, reduced the expression level of Vps34. In agreement with the 3-MA result, this Vps34 siRNA also suppressed the HBV DNA replication (Fig. 3D) . To further confirm that autophagy indeed plays a positive role in HBV DNA replication, we also used siRNA to suppress the expression of Atg7 (Fig. 3E) , an enzyme that mediates the lipidation of LC3 and is critical for the formation of autophagosomes. Similar to the PI3KC3 results, the suppression of Atg7 expression also led to the suppression of HBV DNA replication (Fig. 3F) . Thus, these results together indicate a positive effect of autophagy on HBV DNA replication.
Mechanism of Autophagy-Enhanced HBV DNA Replication. To understand how autophagy enhances HBV DNA replication, we performed Northern blot analysis on HBV RNAs. Huh7.5 cells transfected with the HBV DNA were incubated in the presence (+) or absence (−) of 3-MA. These cells were then lysed for RNA isolation, followed by Northern blot analysis. As shown in Fig. 4A, 3 -MA had only a marginal effect on the HBV RNA level. This result is consistent with our Western blot analysis, which revealed no significant effect of 3-MA on the HBV core protein level (Fig. 3A) , and with our ELISA analysis, which revealed only a marginal effect of 3-MA on the level of HBV surface antigens in the incubation media (Fig. S2 ). To confirm that autophagy indeed has no major effect on HBV RNAs, we also performed the Atg7 knockdown experiment. As shown in Fig. 4B , the suppression of Atg7 expression also had no significant effect on HBV RNAs.
To further understand how autophagy may enhance HBV DNA replication, we analyzed the effect of autophagy on the packaging of HBV core RNA (i.e., pgRNA). Huh7.5 cells transfected with the HBV DNA with (+) or without (−) 3-MA treatment for 16 h were lysed for the isolation of total cellular RNA and core particleassociated HBV RNA. These RNAs were then quantified by primer extension analysis. As shown in Fig. 4C, 3 -MA had no significant effect on the HBV precore RNA level but it reduced slightly (∼20%) the core RNA level in cells and that packaged in core particles. To confirm this finding, we also analyzed HBV precore and core RNAs in cells that had been treated with either the control siRNA or the Atg7 siRNA. As shown in Fig. 4D , the Atg7 siRNA also reduced slightly the core RNA level in cells and that packaged in core particles. These results indicated that autophagy had a slight effect on the core RNA level, possibly on its transcription, and no apparent effect on the packaging of the core RNA, because the reduction of the packaged core RNA level correlated well with the reduction of the total core RNA level in cells. Furthermore, because 3-MA and the Atg7 siRNA reduced the HBV DNA level to an almost undetectable level (Fig. 3 B and F) , these results also indicated that autophagy played an important role in HBV DNA replication at a step after the packaging of the core RNA. the LC3-II level. This result indicated that BAF faithfully suppressed autolysosome formation, which is required for the removal of LC3-II. BAF reduced slightly the levels of HBV RNA transcripts (Fig. S3B) and ≈50% of the core RNA and the replicated HBV DNA (Fig. S3 C and D) . This observation indicates that late autophagic events may enhance HBV RNA expression but not HBV DNA replication, because the degrees of the core RNA and the HBV DNA reduced by BAF were similar and thus the reduced HBV DNA replication might simply reflect the reduction of the total core RNA amount that is available for packaging.
Induction of Autophagy by HBV via HBx. HBx is a regulatory protein. To investigate its possible role in HBV-induced autophagy, we transfected Huh7.5 cells with the wild-type HBV DNA genome and the HBV genome that is incapable of expressing only HBx (HBVX − ). As shown in Fig. 5A , although the wild-type HBV DNA was able to induce the lipidation of LC3, the HBVX − mutant was not. The analysis of the liver of transgenic mice carrying either the wild-type HBV genome or the HBVX − genome revealed a similar result (Fig. 5B) . These results indicate that HBx is important for HBV-induced autophagy. To further investigate the role of HBx in HBV-induced autophagy, we transfected an HA-tagged HBx-expression (HAX) plasmid and its control vector into Huh7.5 cells. As shown in Fig. 5C , HBx by itself was sufficient to induce the lipidation of LC3. The results shown in Fig. 5 A-C together indicate that HBV induces autophagy via the activities of its HBx protein.
To further investigate the role of HBx and autophagy in HBV DNA replication, we examined the effect of 3-MA, which suppresses autophagy, on the replication of wild-type HBV and HBVX − mutant. In agreement with the previous reports (8, 9, 11, 12), wild-type HBV and HBVX − mutant had similar replication efficiency in Huh7 cells (Fig. 5D, lanes 2 and 4) , the parental cell line of Huh7.5 (13). However, 3-MA suppressed specifically the replication of the wild-type HBV DNA but not the replication of the HBVX − mutant (Fig. 5D ). These results were consistent with the results shown in Fig. 3F and Fig. S4 , which indicated that the suppression of Atg7 expression with siRNA could suppress the replication of the wild-type HBV DNA but not the HBVX − mutant. We also conducted a similar experiment using HepG2 cells. Again, in agreement with the previous reports (9, 14, 15) , wild-type HBV had a significantly higher replication efficiency than the HBVX − mutant in this cell line (Fig. 5E, lanes 2 and 4) . However, similar to Huh7 cells, 3-MA suppressed the replication of only the wild-type HBV but not the HBVX − mutant in HepG2 cells. These results indicated that, in both Huh7 and HepG2 cells, HBx could enhance HBV DNA replication via the induction of autophagy.
Activation of PI3KC3 by HBx. Our results indicate that HBV enhances the autophagic pathway via HBx. To determine how HBx may enhance autophagy, we examined whether HBx could interact with PI3KC3, an enzyme critical for HBV-induced autophagy (Fig. 2) , by performing a coimmunoprecipitation experiment. Huh7.5 cells were transfected with the HAX expression plasmid or its control vector. These cells were then lysed and immunoprecipitated with the anti-Vps34 antibody or a control antibody, followed by Western blot analysis with an anti-HA antibody. As shown in Fig. 6A , HAX could be precipitated by the anti-Vps34 antibody but not by the control antibody. In a reciprocal experiment, the cell lysates were immunoprecipitated first with the anti-HA antibody followed by Western blot analysis using the anti-Vps34 antibody. As also shown in Fig. 6A , Vps34 could be precipitated by the anti-HA antibody in the presence of HAX but not in the absence of it. These coimmunoprecipitation results indicated that HBx and Vps34 could bind to each other. The ability of HBx to bind to Vps34 was also confirmed by confocal microscopy. Due to the inability of our anti-Vps34 to detect endogenous Vps34 in cells, we coexpressed Flag-tagged Vps34 and HAX in Huh7.5 cells. As shown in Fig. 6B , an extensive colocalization of Vps34 and HAX could be detected in cells. Thus, the confocal microscopy results were consistent with the coimmunoprecipitation results and in support of the physical interaction of these two proteins in cells.
To investigate whether HBx and PI3KC3 could also functionally interact, we cotransfected Huh7.5 cells with the p40phox-EGFP expression plasmid and the HAX expression plasmid or its control vector. The p40phox-EGFP expression plasmid produces the fusion protein of p40phox and EGFP, and this fusion protein binds to phosphatidylinositol 3-phosphate (PI3P), a product of PI3KC3. As shown in Fig. 6C , the p40phox-EGFP signal was significantly brighter in cells transfected with the HAX expression plasmid than in cells transfected with the control pECE1 vector, indicating that HAX could enhance the production of PI3P. A similar enhancement of PI3P production was also observed in Huh7.5 cells transfected with the wild-type HBV genome but not with the HBVX − genome or the control vector pUC19 (Fig. 6D) . Due to the lack of a good anti-HBx antibody, we were not able to test whether HBx expressed from the HBV genome could also physically interact with Vps34. Thus, this latter experiment using the HBV genome was of particular importance, as it indicated that HBx expressed from the HBV genome could also activate PI3KC3. The relative intensities of p40phox-EGFP, and hence the PI3P level, in various transfection experiments were measured and shown in Fig. 6E .
Discussion
A number of viruses have been shown to induce either partial or complete autophagic response with positive or negative effects on the virus. In this report, we demonstrate by confocal microscopy, electron microscopy and biochemical assays that HBV can enhance the autophagy in cell cultures and mouse liver as well as during natural infection (Figs. 1 and 2 and Fig. S1 ). Interestingly, in contrast to starvation-induced autophagy, this enhancement of autophagy by HBV does not lead to an increased autophagic protein degradation rate (Fig. 2) . A recent report indicated that the mitochondria depolarization could induce recognition and sequestration of mitochondria by autophagosomes (16). Thus, it is possible that during nutrient starvation, cellular organelles and proteins are "marked" for autophagic recycling, whereas HBV does not induce such marking and hence does not increase the autophagic protein degradation rate. By using the PI3KC3 inhibitor 3-MA and by suppressing the expression of Vps34, the catalytic subunit of PI3KC3, using siRNA, we demonstrate that, similar to nutrient starvation, PI3KC3 plays a critical role in HBV-induced autophagy (Fig. 3) . This suppression of PI3KC3 activity or the suppression of expression of Atg7, an enzyme essential for the formation of autophagosomes, results in the suppression of HBV replication (Fig. 3) . These results indicate that autophagy plays a positive role in HBV replication. This is unusual, as it is a unique example of a DNA virus that uses autophagy to enhance its replication. Our finding is reminiscent of two recent reports, which indicated that fasting could enhance HBV replication in the mouse liver (17, 18) . Although in those two previous reports the enhancement of HBV replication was attributed to enhanced gluconeogenesis and the activation of peroxisome proliferatoractivated receptor α (PPARα), it is conceivable that the enhanced HBV replication observed in those studies may also be due to the induction of autophagy by fasting.
The suppression of autophagy slightly reduced the HBV RNA levels and the packaging of the pgRNA (Fig. 4) . However, it significantly suppressed HBV DNA replication. This observation indicates that autophagy enhances HBV replication mostly at the step of viral DNA replication. How autophagy may enhance HBV DNA replication remains unresolved. On the basis of the observation that HBV core/e antigens and surface antigens partially colocalized with LC3 puncta and PI3P (Figs. 1, 2 , and 6), which are associated with autophagic vacuoles, it is tempting to speculate that, similar to poliovirus, autophagic vacuoles may serve as the sites for viral DNA replication and morphogenesis. Note that because BAF, which suppresses the formation of autolysosomes, does not abolish HBV DNA synthesis (Fig. S3) , it is likely that late autophagic vacuoles do not play a major role in HBV DNA replication.
Our observation that wild-type HBV could induce autophagy, whereas the HBVX − mutant could not, indicates that HBx is critical for HBV-induced autophagy (Fig. 5) . Indeed, the expression of HBx by itself was sufficient to induce autophagy (Fig. 5C ). This was apparently due to the ability of HBx to bind to PI3KC3 to enhance its activity. Note that the interaction between HBx and PI3KC3 was demonstrated using HA-tagged HBx. Recently, it was reported that HBx could induce the expression of beclin-1 by activating its promoter and sensitize cells to starvation-induced autophagy (19) . Beclin-1 is a component of the activated PI3KC3. However, we were not able to detect the induction of beclin-1 by HBV or HBx in cell cultures and the mouse liver (Fig. S5) . The reason for this discrepancy is unclear. Because HBx can directly bind to PI3KC3 and enhance its activity (Fig. 6) , the need for HBx to also induce the expression of beclin-1 would appear to be redundant. In any case, our results indicate that HBx could induce autophagy in the absence of nutrient starvation. HBx can enhance HBV replication (8, 20) . However, the molecular mechanism of this enhancement has been a subject of much debate. As shown in Fig. 5E , the suppression of PI3K activity in HepG2 cells with 3-MA reduced HBV DNA replication to a level similar to that of the HBVX − mutant. This result indicates that most of the effects of HBx on HBV DNA replication in HepG2 cells may be mediated by PI3KC3 and autophagy. A surprise finding of ours is that 3-MA as well as Atg7 knockdown also suppressed the replication of wild-type HBV DNA but not that of the HBVX − mutant in Huh7 cells (Fig. 5D and Fig. S4 ). These results indicate that, in spite of the observation that abolishing the expression of HBx had no apparent effect on HBV DNA replication in Huh7 cells (Fig. 5D , also see refs. 9, 15), HBx in fact still stimulates HBV DNA replication in Huh7 cells via the induction of autophagy. The high replication efficiency of the HBVX − mutant, which does not induce autophagy, may be caused by other factors, which stimulate HBV DNA replication via an autophagyindependent manner. For example, membrane structures may be altered in Huh7 cells to allow HBV replication in an autophagyindependent manner in the absence of HBx. These membranes may be further restructured in the presence of HBx, due to its interaction with PI3KC3. This may explain why the replication of wild-type HBV is sensitive to 3-MA whereas the replication of the HBx-negative mutant is not. Alternatively, HBx has multiple activities and can activate signaling pathways in the cytoplasm and gene expression in the nucleus (21) . It is unclear at present whether any of these other activities of HBx also affect autophagy. However, it is conceivable that HBx may also enhance HBV DNA replication via the combination of its multiple activities including the induction of autophagy. When autophagy is suppressed such as by 3-MA or Atg7 knockdown, other activities of HBx may instead exert a negative effect on HBV DNA replication. Further research will be required to resolve this question.
In conclusion, our studies demonstrate that HBV induces autophagy to enhance its DNA replication. This induction of autophagy by HBV requires HBx, which binds to PI3KC3 to enhance its activity. Our studies thus delineated the molecular pathway by which HBV induces autophagy and also provide a unique example of a DNA virus that uses autophagy to enhance its own replication. Our studies also raise the possibility of targeting the autophagic pathway for the treatment of HBV patients.
Materials and Methods
DNA Plasmids and Transgenic Mice. The plasmids p1.3merHBV and p1.3merHBVX
− contain 1.3mer of the wild-type HBV genome and the HBxnegative genome, respectively, in the pUC19 vector (8) . The plasmid pECE1-HAX expresses the HA-tagged HBx (22) . p40PX-EGFP and pFlag-PI3KC3 are the expression plasmids for p40phox-EFGP and Flag-Vps34, respectively (23) . The HBV transgenic mice Tg05, Tg08, and TgX have been described before (8) .
siRNA Knockdown and DNA Transfection. Duplex siRNAs with a two-nucleotide overhang at the 3′-end of the sequence were used. Atg7 and Vsp34 siRNAs were purchased from Qiagen and the negative control siRNA was purchased from Invitrogen. The target sequences were as follows: sense Atg7, 5′-GCA UCA UCU UCG AAG UGA Att-3′, antisense Atg7, 5′-UUC ACU UCG AAG AUG AUG Ctg-3′; sense hVsp34, 5′-CGC GAA AGU GGA AAU CGU Att-3′, antisense Vsp34 5′-UAC GAU UUC CAC UUU CGC Gtt-3′. The lowercase letters indicate deoxyribonucleotides. The siRNAs and DNA transfections were performed using Lipofectamine 2000 (Invitrogen) per the manufacturer's instructions.
Northern and Southern Blot Analyses. For total RNA isolation, cells were rinsed with ice-cold PBS twice, followed by RNA isolation using TRIzol (Invitrogen). The RNA was subjected to Northern blot analysis using 32 P-labeled HBV DNA as the probe. For DNA isolation, cells in a 10-cm dish were washed and lysed, and HBV DNA packaged in core particles were isolated using the protocols described in ref. 9 . The DNA was then subjected to Southern blot analysis using the 32 P-labeled HBV DNA probe.
